In this study, cylindrical, conical and hemispherical molds were used to form flat thermoplastic sheets which are 1.5 mm in thickness. The effect of plug assist on thickness distribution was investigated. The sheets were formed with and without plug assist. Then thickness distributions on thermoformed products were obtained for two experimental procedures by a digital caliper (Resolution: 0.01 mm). As a result, plug assist thermoforming provides more uniform thickness distributions than negative forming.
INTRODUCTION
Thermoforming is a manufacturing process that uses heat and air pressure to form a flat plastic sheet or film in to a product. The plastic material is heated to the correct temperature depending on the kind of plastic material. Then the heated plastic sheet or film is formed in to a negative or positive mold. Plug assist may be used. Generally a vacuum or positive air pressure is employed after the forming of the plastic sheet or film. After forming, the plastic is cooled and trimmed in desired dimensions. It is possible to summarize the thermoforming process as mentioned above.
There are wide application areas of the thermoforming process. One of the most important of these sectors is the packaging industry among the other sectors such as automotive, electronics, biomedical and pharmaceuticals. Thermoforming has differences from the other competitive processes including injection molding, blow molding, rotational molding and extrusion. The most advantageous aspect of thermoforming is forming ability by roll-fed machines compared to the others. With roll-fed machines, high-volume, continuous thermoforming of thin-gauge products is possible [3, 10, 11, 12] . But, by using sheet-fed thermoforming machines, production is slow and productivity is low. Sheet-fed thermoforming machines are usually used in thick gauge thermoforming applications. So this phenomenon makes it labor intensive compared to thin gauge thermoforming applications.
Process parameters can affect both the total forming process and product quality. So, forming temperature, type of plastic (amorphous or crystalline), shape of mold (positive or negative), air pressure (positive or negative), shape, type and number of heaters play a critical role throughout the process [4, 5, 7, 8] . One of the leading factors that affects the product quality is plug assist. By using plug assist in thermoforming, wall thickness distribution in thermoformed products can be adjusted more uniformly [2, 6] . If a negative mold is used, the bottom of the part becomes the thinnest and if a positive mold is used the bottom of the part becomes the thickest. In order to balance the wall thickness distribution in the bottom and sidewalls of the ther-moformed part, plug assist thermoforming may be a quick solution. Parameters such as plug geometry, plug temperature and plug material are very critical during the forming by changing wall thickness and friction between the sheet and mold [1, 9] . During the forming process, firstly the plug touches the heated sheet surface. The sheet surface generally is hotter than plug. Areas where the plug touches first, harden. Then a vacuum is applied. Softened areas of the sheet which does not harden deform and wall thickness changes through the side walls and bottom. Of course the shape of the plug is a major factor that affects the thickness distribution in products. The plug shape is determined according to product and mold shape.
In this study, aluminum is selected as a plug material. Aluminum is easy to find and suitable for machining. It is relatively cheaper than the other metals. Three different thermoforming molds have been employed. Cylindrical, conical and hemispherical molds were used to form flat thermoplastic sheets which are 1.5 mm in thickness. PS sheets which were cut into 15x15 cmdimensions were used in thermoforming operations. The effect of plug assist on thickness distribution was investigated. The sheets were formed with and without plug assist. Then thickness distributions on vacuum formed and plug assisted thermoformed products were obtained by a digital caliper (resolution: 0.01 mm). Thickness profiles obtained from thermoformed products which are produced by plug assist thermoforming are different from the thickness distribution results obtained from without plug assist thermoforming. As a result, plug assist thermoforming provides more uniform thickness distributions on thermoformed products.
MATERIALS AND METHODS
In this study, commercially available PS resin, SABIC PS 825E (High Impact Polystyrene) was used in thermoforming. Lab-scale vacuum thermoforming machine was designed, produced and used in thermoforming operations. In Fig.1 . designed and final (produced) view of thermoforming machine can be seen clearly. The thermoforming machine has three ceramic infrared heaters, which are designed for operating temperatures of up to 750 o C. These heaters have a heating area of 25x25 cm 2 . Each of the panel heaters has 500 watt power and 1500 watt in total.
Firstly, sample preparation is carried out. Thermoplastic sheets are cut to have a dimension of 15x15 cm. Sheets which have the correct dimensions are placed between the mold and the clamping ring. Then heaters are operated by bringing them to the correct position. The sheet is heated equally. PS resin, which is used in this study, has a wide forming temperature window. Forming temperature range is approximately 25- o C. Temperature distribution was obtained by using a thermal imaging camera (Testo). Vacuum was measured during forming. The magnitude of vacuum was obtained from the vacuum display, which was 730 mmHg. After forming, the heaters were turned off and pushed back to their first position. After a couple of minutes the thermoformed semi-finished part was released from the mold.
Three different thermoformed semi-finished samples (Fig. 3) were obtained from the thermoforming molds (Fig. 4) . Quarter sections were cut and taken from conical, cylindrical and hemispherical samples. Thickness distributions were measured along the cut sections on quarter samples by a digital caliper (resolution: 0.01 mm). These measurements were achieved for three types of thermoformed samples. Measurement operations were repeated on three samples for those which were formed by using male and female molds. Measured thickness profiles were compared to each other. The profiles in which the thicknesses were measured, is shown in Fig. 2 . Thickness measurements were repeated in 20 points from point 1 to point 5 for all semi-finished thermoformed products.
RESULT AND DISCUSSION
In this study, the effect of plug assist and the other process parameters on thickness distribution has been investigated. In order to analyze the effect of process parameters, firstly temperature distribution has been detected on the heater elements. As seen in Fig. 5 and Fig. 6 heater ele- o C and 350 o C along the length and width of heater elements. However, temperature distribution on the heater is supposed to be the same at every point. Non-uniform temperature distribution on heater elements affects the temperature distribution on the sheet before forming.
As understood from Fig. 7 a heated sheet has non-uniform temperature distribution too. A thermal imaging camera showed that the temperature has approximately a 30 o C variation range on the heated sheet after a heating time of 4 minutes. Normally, it is hard to thermoform a sheet which has a non-uniform temperature distribution in which temperature changes from 120 o C to 150 o C.
However, PS which is an amorphous polymer, has a wide forming temperature window. That phenomenon makes PS possible to be thermoformed under 30 o C temperature change. One of the leading factors that affects the thickness distribution, is plug assist. In order to analyze its effects in detail, a male mold has been used in addition to female mold applications. Thickness distributions in different thermoformed products can be seen in Fig. 8, Fig. 9 , and Fig. 10 .
Thickness distributions obtained in hemispherical products and compared to each other. Thickness measurements have been performed on a profile that starts at the the center and bottom of the product, and the ends on the outer edge of the product. These measurements were taken at 20 points in total. As a result of vacuum forming (female mold), thickness has an increasing trend outward from the center of the product. Minimum thickness was measured as 0.35 mm at the center of the bottom of the vacuum formed hemispherical product at point 1. On the other side, min. thickness was measured as 0.79 mm at point 14 by plug-assisted thermoforming (male mold).
Minimum thickness was measured as 0.13 mm at point 6 by vacuum forming and 0.29 mm at point 6 by plug assisted forming in conical product. By vacuum forming, thickness distribution exhibits a constantly increasing trend. On the contrary, there is an unstable tendency for thickness distribution on the plug assisted thermoformed products. It is understood from the male mold applications that thickness firstly decreases then increases and decreases again on the sidewalls of the conical product (points 7-15). This is an indication of thickness accumulation on the sidewalls of the product. That phenomenon can be explained as a result of multiple causes. Before forming, the male mold touches the heated sheet firstly. Part of the heated sheet that touches the cold male mold, cools and hardens. That part of the sheet cannot deform anymore. Thickness accumulation on the sidewalls can be accepted as a result of this action. Minimum thickness was measured as 0.09 mm at point 7 in cylindrical products by vacuum forming. Point 7 is located on the radius at the bottom of the cylindrical product. Contrarily, minimum thickness value was measured as 0.24 mm at point 8 by plug assisted thermoforming. Point 8 is located near the radius where point 7 is located. Thickness distribution obtained from vacuum formed cylindrical samples has an increasing tendency from point 1 to point 15, same as vacuum formed conical products. The decrease and increase in thickness from point 7 to point 15 in cylindrical products can be seen in conical products too. 
CONCLUSIONS
The effect of some process parameters on thickness distribution in thermoforming has been investigated in this study. Temperature distribution on heaters has been detected as an affecting parameter because the heaters have non-uniform temperature distribution. Nonuniform temperature distribution on heaters has caused non-uniform temperature distribution on heated sheet. Undesired temperature distribution on the heated sheet affected deformation and forming so affected thickness distribution too. But, the most important factor was determined as the type of forming process. Using plug assist increased the minimum thickness value in conical, cylindrical and hemispherical thermoformed products. In addition to this, using plug assist in thermoforming provided more uniform thickness distributions than negative (female mold) forming.
